Attitude control of combined service-target system in the post-capture phase has received great attention. A new attitude dynamics of the combined spacecraft with reaction wheels has been established in the author's former work, however, the measurement uncertainty in attitude and angular velocity and uncertainty in the reconfiguration matrix of reaction wheels have not been considered, which may cause huge impact on the system performance. In this paper, a novel combination of disturbance-observer-based dynamic surface control under measurement uncertainty and robust control allocation due to uncertain mass center is investigated for attitude stabilization of the combined spacecraft. Firstly, considering measurement uncertainty, inertia uncertainty, actuator fault and actuator saturation, a new attitude dynamics of combined spacecraft is established. Then, a virtual controller is designed and all the states in the closed-loop system converge to a small neighborhood of zero, where the lumped disturbance is compensated by two stable nonlinear disturbance observers and adverse effect of actuator saturation is addressed by a stable compensator. Finally, in consideration of uncertain location of mass center in the reconfiguration matrix, a LMI-based robust control allocation is employed to deal with the problem of distributing the three axis torques over the reaction wheels. Numerical simulations are presented to illustrate the effectiveness of the proposed method.
I. INTRODUCTION
In recent years, on-orbit failures have exceeded launch failures and cumulatively account for losses of billions of dollars [1] . In order to remove or extend operational lifetime of these failed spacecrafts, a service spacecraft installed with a robotic arm to capture them is an effective way.
Once the target is captured, the dynamics of the combined spacecraft will vary greatly due to the increase in mass and variation in the centre-of-mass [2] . In addition, the configuration matrix of reaction wheels suffering a large change will also influence the new attitude dynamics. A new attitude dynamic model of the combined spacecraft, considering
The associate editor coordinating the review of this manuscript and approving it for publication was Huiping Li. the new configuration matrix of reaction wheels, has been determined in the new body frame of the combined system in [3] . However, since the attitude and angular velocity cannot be accurately derived by the measurement devices due to uncertain mass center of combined spacecraft and limitation in physical sensors, the measurement uncertainty is also needed to be considered in the new attitude dynamics of combined spacecraft [4] - [7] . Besides, actuator faults and actuator saturation are both critical issues that need to be tackled in attitude control design of combined spacecraft for performance degradation and physical limitation. In this paper, a novel attitude dynamics of combined spacecraft with rebuilt configuration matrix of reaction wheels considering measurement uncertainty, inertia uncertainty, actuator fault and actuator saturation is established. VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ During the attitude dynamics rebuilding process, it will be noticed that the reconfiguration matrix of reaction wheels depends on the center-to-center distance vector from the body frame center of service spacecraft to the body frame of combined spacecraft. Since there is an estimation error in the body frame center of the combined spacecraft, the center-tocenter distance vector will also suffer some estimation error. Therefore, a robust control allocation is required that maps an 'ideal' virtual control to each reaction wheel effectively even in the presence of this potentially significant uncertainty. In [8] , Durham first investigated the control allocation problem, where body-axis moments were allocated to several airplane flight controls. Then several approaches of control allocation have been deeply investigated in the last decade, including direct allocation [9] , linear or nonlinear programming based on optimization algorithms [10] , and dynamic control allocation [11] , [12] . In reality, due to finite manufacturing tolerances or warping of the spacecraft structure during launch [13] , the configuration matrix always exists some uncertainty, robust control allocation problems were then widely studied. In [14] and [15] , a robust control allocation (RobCA) strategy, formulated as a min-max nonlinear optimization problem, was proposed to redistribute a virtual control signal to the remaining actuators when actuator fault occurred. Different from the above nonlinear programming problem, in this paper, the robust control allocation problem is formulated as a LMI-based linear programming problem, which immensely reduces the complexity of computation comparing to the existing methods.
As the input to the RobCA, the 'virtual' control torque for high-standard attitude control of combined spacecraft is also one challenging operation need to be settled. For the uncertainty in the mass center of the combined spacecraft, there exists some uncertainty in the inertia matrix. A robust nonlinear controller for the tethered space robottarget combination was proposed based on the backstepping control method in [16] , [17] . Actuator saturation is a critical issue that needs to be tackled in attitude control design of combined spacecraft for the limitation of the physical characteristics [18] , [19] . The most prominent method among all the solutions for actuator saturation is the anti-windup design [20] , [21] . The occurrence of actuator faults may lead to performance degradation or instability of the closedloop system, which should also be considered in the attitude stabilization control of combined spacecraft. In [22] and [23] , adaptive non-linear fault estimation observer was designed to obtain the estimated value of unknown actuator faults. In [24] , the problem of adaptive fault estimation and accommodation for a class of stochastic nonlinear systems with unknown time-varying faults was studied. Besides inertia uncertainty, actuator saturation and actuator fault, the accurate attitude and angular velocity may not be precisely derived by the measurement devices for roughly disturbed environmental condition. Thus the measurement uncertainty is also involved in the attitude controller design of combined spacecraft. In paper [25] and [26] , the attitude control problem with measurement error was investigated, and a noise reduction extended disturbance observer and a finite-time integral sliding mode disturbance observer were used to estimate the integrated uncertainties, respectively. In this paper, two disturbance-observers-based dynamic surface control method is used to develop the virtual attitude control. Comparing to existing method, there is only one adjusting parameter in each observer, where the complexity of computation is reduced. And also the 'explosion of complexity' of the backstepping method is restrained by the dynamic method [27] .
In this paper, we provide a robust fault-tolerant control strategy for rebuilt attitude control system of combined spacecraft with reaction wheels in the presence of inertia uncertainty, actuator saturation, and even measurement uncertainty. This proposed control law is a combination of disturbance-observer-based dynamic surface control and robust LMI-based control allocation. The main contributions of this paper are stated as follows:
1. The new attitude dynamics of the combined spacecraft system with reconfiguration matrix of reaction wheels considering inertia uncertainty, actuator saturation, actuator fault and measurement uncertainty is established.
2. A virtual controller based on two nonlinear simple disturbance observers and dynamic surface control is developed which ensures all the states in the closed-loop system converge to a small neighborhood of zero.
3. A novel LMI-based RobCA scheme is proposed considering the actuator saturation and the uncertainties in the reconfiguration matrix induced by post-capture of the target. This paper is organized as follows: section II establishes the attitude dynamic equation of combined spacecraft with reaction wheels under inertia uncertainties, measurement uncertainties, actuator fault and actuator saturation. In section III, two nonlinear disturbance observers based dynamic surface control scheme is developed to produce virtual control torque, and a LMI-based robust control allocation is developed to distribute the virtual control torque into each reaction wheel. Finally, section IV presents numerical simulations for the combined spacecraft attitude system which illustrate the effectiveness of the proposed approach.
II. PROBLEM DESCRIPTION
In this paper, in order to form the attitude stabilization control system of the combined spacecraft, several corresponding frames are defined. The orbit frame We also assume that the combined spacecraft system consists of a rigid service spacecraft, a rigid target spacecraft and one rigid space manipulator. The launch vehicle interface ring of target spacecraft is captured by the space manipulator, shown in the Fig. 1 . In the post-capture phase, the joints of space manipulators would be locked.
For the simpleness of statement, similar to [28] , the following assumptions need to be satisfied:
Assumption 1: There is no attitude control capability in the target spacecraft, whose attitude control is taken over by the attitude control system of the service spacecraft.
Assumption 2: The service spacecraft is driven by reaction wheels which are assumed to be continuously controllable.
Assumption 3: Once the joints of the space manipulators are locked, the space manipulators are locked.
Based on Assumption 3, the combined spacecraft can be seen as a rigid body in the post-capture phase. For the inertia matrix of the combined spacecraft in F c (O c x c y c z c ), relevant result has been conducted in [2] . After simple derivation, we can obtain that the inertia matrix of combined spacecraft expressed in F c (O c x c y c z c ) can be computed as
where I 3 denotes a 3 × 3 identity matrix; m s , m t , m i (i = 1, · · · , n) are respectively the mass of service spacecraft and target spacecraft, and the i-th link of manipulator; r s , R s , r t and R t are respectively the centroid position vector, attitude rotation matrix of service spacecraft and target spacecraft; J s , J t , J i (i = 1, · · · , n) are respectively the inertia tensor of service spacecraft, target spacecraft and the i-th link of manipulator; r i and R i (i = 1, · · · , n) are respectively the centroid position vector and attitude rotation matrix of the ith link of manipulator. In this paper, the MRP vector σ = e tan(ϑ/4) with Euler's principal rotation axis e and angle ϑ is used to represent the spacecraft's attitude orientation, then the kinematics of the combined spacecraft is expressed aṡ where σ = [σ 1 , σ 2 , σ 3 ] T and G(σ ) is the kinematics matrix expressed as
Now let us consider the attitude dynamic of the combined spacecraft with reaction wheels in the body frame of combined spacecraft. The configuration of reaction wheels is described in Fig. 2 [3] .
According to the result in [3] , the angular momentum of the whole reaction wheels respect to the mass center of combined spacecraft O c expressed in the frame F c (O c x c y c z c ) is denoted as
where C is the reaction wheels configuration matrix expressed in the frame F c (O c x c y c z c ), defined as
with c i is the position vector of the i-th reaction wheel expressed in the frame F c (O c x c y c z c ) and can be written as
where R sc is the rotation matrix from frame 
with r c0 = [r c01 , r c02 , r c03 ] T and measurement error r c = [ r c1 , r c2 , r c3 ] T , then the configuration matrix C can be denoted as
and e T 1 = 1 1 1 1
Now according to the above analysis, the total angular momentum H of combined spacecraft considering four reaction wheels mounted on the service spacecraft can be denoted by
Then the dynamic system of the attitude control system expressed in the body frame of combined spacecraft F c (O c x c y c z c ) can be denoted as
where T ext is the total external torque imposing on the combined spacecraft. In this paper, the total external torque contains the gravity gradient torque u g ∈ R 3 and the disturbance torque d ∈ R 3 , i.e., T ext = u g + d, then the dynamics and kinematics of the combined spacecraft expressed in the frame F c (O c x c y c z c ) can be rewritten as
To simplify matters, we shall restrict ourselves to the case of a circular Keplerian orbit. Then according to the analysis in Chapter 16.1 in [29] , the gravity gradient torque u g can be computed by
where ω 0 is the orbit angular rate value and R 3 (σ ) can be expressed as
For better addressing the mismatched uncertainty on the control torque, with the idea of control allocation, we define the virtual control torque u as
Here, we assume that rank(CJ w ) = 3, which means that only full-actuated case is considered in this paper. Then, we can obtain the attitude kinematics and dynamics of combined spacecraft with reaction wheels under external disturbance as follows:
Since the attitude and angular velocity are measured by many sensors mounted on the service spacecraft and the sensors are effected by complicated space environment, the measurement quantities are generally uncertain and can be expressed as [30] 
where υ 1 and υ 2 are the measurement uncertainties, which are both assumed to be differential. Furthermore, taking the time derivative ofσ andω results in
where
Remark 1: The measurement uncertainty in u g is reasonably ignored. Because the orbit angular rate ω 0 = 7.292115 × 10 −5 is very small, the value of u g is also small, then the uncertainty caused by measurement uncertainty is far smaller comparing to the control torque produced by actuator.
B. INERTIA UNCERTAINTY
From the above analysis, it is hard to determine the mass center of combined spacecraft. Thus, the inertia matric of combined spacecraft cannot be precisely determined. To signify the error between true inertia matrix and estimated one of combined spacecraft, we set
where J 0 denotes the estimated value of the inertia tensor of the combined spacecraft, J denotes the estimated error of the inertia tensor of the combined spacecraft and is bounded. For inertia matrix J is a positive matrix, i.e. J > 0, we have J = −J 0 . Furthermore
Taking (17) and (18) into the system (16), we can get
C. ACTUATOR FAULTS OR FAILURE
As shown in [23] , the angular acceleration of reaction wheelṡ w with actuator fault is established in the following uniform model˙
where t i is the fault occurrence time, and b i (t − t i ) denotes the time profile of a fault occurred on the i-th wheel, which is given by
where a i > 0 represents the fault evolution rate. A small value of a i indicates slowly occurrence faults, i.e. incipient faults. Otherwise, the time profile b i denotes the abrupt faults. Now define the control torque command u c as u c = CJ w˙ wc and control torque biasū c as
Then the control torque u with actuator fault can be written as
Hence, the attitude kinematics and dynamics with a general actuator fault model is given as follows
In practical applications, the control torque in the presence of saturation is a challenging problem. The signal u c generated by the control torque cannot be implemented due to actuator saturation constraints. The control torque u c with saturation constraint can be described as
which can also be rewritten as
with
, u 02 , u 03 ] T is the control command to be designed in the presence of input saturation. Then the system (14) can be written as
where u c = [ u ci , u c2 , u 3 ] T and δ 2 = −u τ + δ 21 .
For system model (25) , the following assumptions are employed in the subsequent development.
Assumption 4: The external disturbance d and its time derivativeḋ are bounded.
Assumption 5: The measurement uncertainties υ i (t) and their time derivativesυ i (t) are also bounded such that υ i (t) ≤ l 0i , υ i (t) ≤ l 1i with unknown positive scalars l 0i , l 1i and l 2i (i = 1, 2).
Assumption 6: Under the mild assumptions, u c is always bounded by a scalar [31] .
Remark 2: This assumption is reasonable according to the analysis in [31] . From the view of a practical control system, the difference u between the command control input u 0 and the actual control input u c cannot be large. The reason is that the system controllability should be satisfied when control input saturation occurs. And if the input difference u is too big, it means that the actuator cannot provide high enough control moment or control force to make the attitude control system stable in industry. From the controllability of a practical system, it is thus reasonable that u is always bounded by a constant. And the bound can be large to satisfy this assumption.
Assumption 7: For δ 1 and δ 2 are viewed as slowly varying signals with respect to the fast dynamics of disturbance observers under large observer gains,δ 1 andδ 2 are assumed as small bounded signals.
The attitude control problem of this study can be described by Fig. 3 . Based on the model (25) and Assumption 1-7, the attitude stabilization control objective is stated formally as follows: for combined spacecraft attitude system with reaction wheels (25) in the presence of measurement uncertainties, inertia uncertainties, actuator fault and actuator saturation, to design a robust actuator such that the controlled spacecraft achieves that σ (t) and ω(t) converge to a small neighborhood of zero as t → ∞.
III. CONTROL LAW DESIGN
In this section, two steps are split for the controller design using the principle of robust control allocation: (1) A control law which produces the total control effort is designed, and (2) a robust control allocation method that maps the total control demand into individual reaction wheel torques is proposed.
A. DISTURBANCE-OBSERVER-BASED DYNAMIC SURFACE VIRTUAL CONTROL LAW
For the attitude control system of combined spacecraft with reaction wheels (25), a disturbance-observer-based dynamic surface control law is designed to achieve the control objectives.
Define the error surface as
where x 1d = 0 and x 2d is the virtual control input. The design procedure is presented in two steps as follows.
Step 1: We start with the first equation in (25) by consideringω as a control input. The derivative of S 1 iṡ
It is natural to determine the virtual control lawx 2 into the following formx
where k 1 is a positive constant,δ 1 = s + γ S 1 with a positive constant γ and s is the output of the following nonlinear disturbance observer [32] 
Now using the idea of dynamic surface control, we passx 2 through a first-order filter with time constant τ 2 to obtain a filtered virtual control x 2d :
and the boundary-layer error y 2 and estimate errorδ 1 are defined as
Considering the following augmented Lyapunov function candidate:
the derivative of V 1 along the system trajectories is given bẏ
Step 2: Proceeding to the second equation in (25), we design the control law u 0 in this step. The derivative of
Design the control input command for system model (25) as
where ζ is the output of the following antiwindup saturation compensator:ζ
where k 4 is a positive constant,δ 2 = η + λS 2 with a positive constant and η is the output of the following nonlinear disturbance observer:
(38) Let us define the estimate errorδ 2 as
and consider the following Lyapunov function candidate:
then the derivative of V 2 along the system trajectories satisfieṡ
The closed-loop attitude dynamics control system of combined spacecraft with actuator saturation can be expressed as
with nonlinear disturbance observers (29) and (38) . Then based on the dynamic surface control theory, the following theorem is proposed.
Theorem 1: Consider the combined spacecraft attitude model with reaction wheels (25) under Assumptions 1-7. If the parameters of controller (36) with nonlinear disturbance observer (29) and (38) satisfy 32k 1 ≥ 9τ 2 , 2k 1 γ ≥ 3, λk 2 ≥ 2 and 2k 2 k 4 ≥ 3k 2 3 k 2 5 where k 5 = J −1 0 , and k i > 0(i = 1, 2, 3, 4), then the attitude σ and the angular velocity ω converge to a smaller neighborhood of zero by choosing suitable controller parameters.
Proof: It can be observed that there exits a continuous function µ such that
The Lyapunov function candidate of the whole attitude control system is taken as
where V 3 = 1 2 y T 2 y 2 . The derivative of V along the system trajectories is given bẏ ≤ ξ can be derived with an unknown scalar ξ. Then we can obtain thatV ≤ −ρV + ξ which lead to lim t→∞ V (t) ≤ ξ ρ . According to the definition of V (t), the error surface S 1 and S 2 , saturation compensator ζ , the boundary-layer error y 2 and the disturbance estimate error δ 1 and δ 2 converge to a small neighborhood of zero when t → ∞. Furthermore, since
Because of
Furthermore, from (15) and Assumption 5, we have
then because p * can be made small enough, the bounds of σ (t) and ω(t) can also be small. Remark 3: Since the convergence rate of the system states is mainly determined by ρ, larger ρ results in faster convergence rate. And ρ is related to controller, saturation compensator, observer and filter parameters k 1 , k 2 , k 3 , k 4 , γ , λ and τ, larger k 1 , k 2 , k 4 , γ , λ and smaller k 3 ,τ lead to larger ρ and faster convergence rate of attitude. Also, the ultimate bounds of attitude and angular velocity are related to the bounds of measurement uncertainties, which means that the attitude control performance is mainly determined by both control strategy and measurement precision.
Remark 4: Comparing with the backstepping method in [6] , dynamic surface method is proposed in this paper. We note that the proposed control law does not involve the differentiation of G(S 1 ) −1 and thus has prevented the explosion of terms. Also, the term J −1 0 u c is not contained in the new disturbance δ 2 , which means that the burden of observer can be alleviated dramatically, the precision and accuracy of the controller can be improved ulteriorly.
B. ROBUST CONTROL ALLOCATION
In this section, an approach to map the virtual control to each reaction wheel is presented. The robust control allocation problem including saturation constraints is given. Due to physical limitations on reaction wheels, it is crucial to redistribute the control efforts among each reaction wheel in the frame F c (O c x c y c z c ). In reality, the limitations on the command angular acceleration of reaction wheels˙ wc is assumed aṡ
In this paper, the virtual control torque u c ∈ R 3 is designed to specify total attitude control torque. Now look at equation (8) , assume that where h is a given positive scalar. The following result can be obtained.
Theorem 2: If r c ∈ I , the RobCA problem has an optimal solution if the following is solved for any 
then rewrite left side of (59) as: with 2i =˙ wci min −˙ wci , i = 1, 2, 3, 4. Thus (55) can be obtained, by the same way, we can also get (56).
IV. SIMULATION
In this experiment, the dynamic model of combined spacecraft system consists of a service spacecraft, a target spacecraft and one 3-DOF space manipulator. The involved differential equations in preceding sections were integrated using a fixed-step Runge-Kutta solver (0.1 s). The inertia matrix of the combined spacecraft is set as J = diag{12, 14, 22}kg · m 2 , the nominal inertia matrix is J 0 = diag{10, 15, 20}kg · m 2 [6] . For each reaction wheel, the inertia is 0.338 kg · m 2 , the maximum and minimum value on the angular acceleration vector of reaction wheels are˙ wci max = 7 and˙ wci min = −7 rad/s 2 , i = 1, 2, 3, 4. According to the control mapping relationship between angular acceleration˙ wc and virtual control torque u c , the limitations on the control input torque are set as u ci max = 1 and u ci min = −1 Nm (i = 1, 2, 3) (Note that u ci max and u ci max are selected such that the angular acceleration of reaction wheels VOLUME 7, 2019 1, 2, 3) , then according to equation (7) and (8) In the following subsections, in order to show the superiority of the proposed control scheme, traditional PD controller u c = −β 1 σ − β 2 ω [35] and the robust finite-time faulttolerant controller (RFTFT) in [36] are conducted. The gains of those control algorithms were selected as shown in Table 1 . Note that the control gains selected in this paper were chosen using trial and error until a satisfactory simulation result is obtained.
A. EFFECTIVENESS AND SUPERIORITY OF THE WHOLE CONTROL SCHEME
In this subsection, in order to show the effectiveness and superiority of the proposed nonlinear disturbance-observerbased dynamic surface controller with robust LMI-based control allocation method, the PD controller and RFTFT controller with psuedo-inverse control allocation method are implemented for the purpose of comparison. The simulation results are shown in Fig. 4-9 . Fig. 4 presents the time history of the attitude trajectories. Fig. 5 presents the time history of the angular velocity trajectories. Fig. 6 presents the time history of control torque. Fig. 7 presents the time history of angular acceleration of reaction wheels. Fig. 8 presents the time history of states of two disturbance observers in proposed controller. Fig. 9 presents the time history of two estimation errors in proposed controller. In Fig. 4 , the magnitude of attitude with the proposed controller is less than 2 × 10 −4 after 50 seconds, better than the results with PD and RFTFT controller, where the magnitude of attitude with RFTFT controller which will take more than 80 seconds to be less than 4 × 10 −4 , and the magnitude of attitude with PD controller is 6 × 10 −3 after the system is stable, much larger than the proposed controller. Also, in Fig. 5 , the magnitude of angular velocity with proposed controller is less than 1 × 10 −3 rad/s after 50 s, while angular velocity of the PD and RFTFT controller take more time to convergence to the neighborhood of zero. Besides, it can also be observed that the system overshoot with proposed controller is much less than PD and RFTFT controller. Fig. 8 and 9 show that the observer states are asymptotically stable and the estimation errors of the lumped disturbance convergence to a small neighborhood of zero. This means that inertia uncertainties, external disturbance and measurement uncertainties have been rejected well by proposed controller. As for the control torque and the acceleration angular velocity, it can be seen that they are all constrained in the prescribed asymmetric limitations in Fig. 6 and Fig. 7 , and the chatting phenomena has been obviously suppressed comparing to RFTFT controller. And moreover, the average value of the control torque and the angular acceleration velocity are listed in Table 2 , where less control torque and acceleration angular velocity is needed to maintain the state in small neighborhood of zero of the proposed controller comparing to PD and RFTFT controller. In short, the proposed dynamic surface attitude stabilization controller with robust LMI-based control allocation method has better system performance and cost less control torque and actuator force than PD and RFTFT controller with psuedo-inverse control allocation method. To show the robustness performance of the proposed controller, rough conditions are considered in this simulation by using controller (36) . Especially, we set the nominal inertia matrix is J 0 = 0.6J = diag{7.2, 8.4, 13.2}(kg · m 2 ), the control input torque are u ci max = 0.5 and u ci min = −0.5 Nm, and the external disturbance model is 10d and the measurement errors are the same form as (60). Then the simulation results are shown in Fig. 10-15 . Fig. 10 presents the time history of the attitude trajectories under tough condition. Fig. 11 presents the time history of the angular velocity trajectories under tough condition. Fig. 12 presents the time history of control torque under tough condition. Fig. 13 presents the time history of angular acceleration of reaction wheels under tough condition. Fig. 14 presents the time history of states of two disturbance observers in proposed controller under tough condition. Fig. 15 presents the time history of two estimation errors in proposed controller under tough condition.
In view of the results in Fig. 10 and Fig. 11 , we can see that the attitude and angular velocity with the proposed controller converge to small neighborhoods of zero in 75 seconds, while PD controller and RFTFT controller take 120 seconds, much longer than the proposed controller. And the magnitude of the attitude with proposed controller is less than 5 × 10 −4 when system is stable, while PD controller is about 0.015 and RFTFT controller near 6 × 10 −4 both larger than the proposed one. From Fig. 12 and 13 , all the control torque and angular acceleration velocity are constrained in the limitation, and the chatting phenomenon is also effectively suppressed comparing to RFTFT method. Furthermore, the average value of the control torque and the angular acceleration velocity in this case are listed in Table 3 . It can be seen that although more control torque and actuator force are needed in the tough condition, but the proposed method still costs less comparing to the other two control scheme. Fig. 14 and 15 show that observer states can convergence to a neighborhood of zero in finite time, and the estimation errors are bounded even under tough condition. In short, we can conclude that the closedloop system is still stable with acceptable and better response performance in spite of rough conditions comparing to the other control scheme.
B. SUPERIORITY OF THE ROBUST LMI-BASED CONTROL ALLOCATION METHOD
In this subsection, the superiority of the robust LMI-based control allocation method is demonstrated. Considering that VOLUME 7, 2019 the control system is suffering a more serious condition, where the measurement error r c satisfying | r ci |≤ 0.65 m (i = 1, 2, 3) and the other condition are same to the above tough condition. The simulation results are shown in Fig. 16-19 . Fig. 16 presents the time history of the attitude trajectories in different control allocation methods. Fig. 17 presents the time history of the angular velocity trajectories in different control allocation methods. Fig. 18 presents the time history of control torque in different control allocation methods. Fig 19 presents the time history of angular acceleration of reaction wheels.
In view of the results in Fig. 16-17 , the attitude and angular velocity by proposed controller with robust LMI-based control allocation method is still stable, though more time is needed to convergence to the neighborhood of zero. However, the closed-loop states by proposed controller with psuedoinverse control allocation method is diverging, i.e. the stability of the closed-loop system can not be ensured. Certainly, though more control torque and angular acceleration velocity are need from Fig. 18 and Fig. 19 , they are still constrained in the limitation by the proposed control scheme. Thus, the proposed robust LMI-based control allocation method can guarantee the system stability even under serious condition while pseudo-inverse can not, which indicates that the proposed control allocation method is necessary in the control scheme.
V. CONCLUSION
In this paper, a control scheme combining attitude control of combined spacecraft with reaction wheels subject to actuator saturation, actuator fault, measurement uncertainty, inertia uncertainty and external disturbance is established. The proposed robust control allocation scheme, which uses disturbance-observer-based dynamic surface method to design the virtual feedback control, and employs the robust LMI-based control allocation scheme to suitably distribute the total virtual control torque into the active reaction wheels, enables the overall closed-loop states ultimately converge to an adjustable small neighborhood of zero. Simulation results have been carried out to show the advantages and improvements over existing controllers. In the future work, the extension of the proposed approach to output feedback control of combined spacecraft will be investigated.
